To examine predictive factors for abdominal obesity or metabolic syndrome, we investigated the association of plasma fatty acid composition, estimated desaturase activity, and nutrient intakes, with abdominal obesity or metabolic syndrome in Japanese males. Clinical characteristics, the fatty acid composition of plasma cholesteryl esters, and energy and nutrient intakes were analyzed in 3 groups: metabolic syndrome (MS, n ϭ 24), abdominal obesity (OB, n ϭ 43), and control ( n ϭ 27). The estimated desaturase activities were calculated by the ratio of 16:1 n-7/16:0, 18:3 n-6/18:2 n-6, and 20:4 n-6/20:3 n-6 in plasma cholesteryl esters as surrogates of the measure of the delta 9, delta 6, delta 5 desaturase (D9-16D, D6D and D5D) activities, respectively. Plasma fatty acid composition did not differ significantly between the OB group and the control group. The MS group had higher levels of palmitoleic, oleic, and ␥ -linolenic acids, but a lower level of linoleic acid than the control. Stronger D6D activity and weaker D5D activity were observed in the OB group. A higher level of D9-16D activity as well as a higher level of D6D activity and a lower level of D5D activity was observed in the MS group. A logistic regression analysis showed that the low D5D activity and high D9-16D activity were predictive of the development of abdominal obesity from controls (odds ratio ϭ 0.39, p Ͻ 0.05) and metabolic syndrome from abdominal obesity (odds ratio ϭ 2.44, p Ͻ 0.05), respectively. In the multiple linear regression analysis, D5D activity positively correlated with the intake of eicosapentaenoic acid (EPA). In conclusion, the estimated D5D activity was a predictive factor for abdominal obesity and the estimated D9-16D activity was a predictive factor for developing metabolic syndrome from abdominal obesity in Japanese male subjects. Dietary intake of EPA would play an important role in preventing abdominal obesity and the development of metabolic syndrome. Key Words delta 5 desaturase, delta 9 desaturase, dietary intake of eicosapentaenoic acid (EPA), abdominal obesity, metabolic syndrome Metabolic syndrome is a metabolic disorder that results from abdominal obesity. The syndrome includes insulin resistance, hypertension and dyslipidemia ( 1 ), and is a risk factor for cardiovascular disease and type 2 diabetes ( 2 ). A high intake of fat, particularly fat rich in saturated fatty acids (SFAs), influenced obesity, insulin resistance and the progression of metabolic syndrome ( 3 , 4 ). A high intake of carbohydrate also induced insulin resistance, increased serum triacylglycerol concentrations and decreased serum HDL cholesterol levels ( 5 ). Thus, dietary nutrient intake plays an important role in the development of obesity and metabolic syndrome.
Metabolic syndrome is a metabolic disorder that results from abdominal obesity. The syndrome includes insulin resistance, hypertension and dyslipidemia ( 1 ), and is a risk factor for cardiovascular disease and type 2 diabetes ( 2 ). A high intake of fat, particularly fat rich in saturated fatty acids (SFAs), influenced obesity, insulin resistance and the progression of metabolic syndrome ( 3 , 4 ) . A high intake of carbohydrate also induced insulin resistance, increased serum triacylglycerol concentrations and decreased serum HDL cholesterol levels ( 5 ). Thus, dietary nutrient intake plays an important role in the development of obesity and metabolic syndrome.
The fatty acid composition of cholesteryl esters (CEs) in serum mirrors to a certain extent the dietary fatty acid composition and also reflects endogenous fatty acid metabolism (6) (7) (8) (9) . Fatty acid composition is used as an indicator of disease risk, because its alteration has been related to metabolic disease and cardiovascular disease ( 10 , 11 ) . Low concentrations of linoleic acid (LA, 18:2 n-6) and high concentrations of palmitic (16:0), palmitoleic (16:1 n-7) and dihomo-␥ -linolenic (20:3 n-6) acids in plasma lipid esters have been reported to be associated with metabolic syndrome ( 12 , 13 ) .
Desaturases are involved in the endogenous synthesis of polyunsaturated fatty acids (PUFAs). The delta 9, 6, and 5 desaturases (D9D, D6D, D5D) introduce a double bond at specific positions on long-chain fatty acids. D9D synthesizes monounsaturated fatty acids (MUFA), palmitoleic (16:1 n-7) and oleic (18:1 n-9) acids from palmitic (16:0) and stearic (18:0) acids, respectively. D5D and D6D catalyze the synthesis of long-chain n-6 and n-3 PUFAs. In human studies, the estimated desaturase activities are generally used, since it is not possible to directly measure desaturase activities in humans ( 9 , 13-15 ) . The estimated activities of D9D, D6D and D5D calculated by the plasma ratio of 16:1 n-7/16:0, 18:3 n-6/18:2 n-6, and 20:4 n-6/20:3 n-6, respectively, E-mail: faa_kawashima@cc.nara-wu.ac.jp can be used as surrogates of the measure of the true desaturase activity ( 9 ) . The validity of the use of the plasma fatty acid ratio as an in vivo surrogate was shown in several mouse strains and human subjects ( 16 ) . The associations between estimated desaturase activities and insulin action in humans accord well with results from animal studies where true enzyme activities have been measured ( 9 ) . High levels of the estimated D9D activity were observed in patients with diabetes, atherosclerosis, obesity and metabolic syndrome ( 13 , 14 ) . D6D activity was also increased in these conditions, while D5D activity was decreased (13) (14) (15) . An alteration in the estimated D5D activity was shown to be predictive of the occurrence of metabolic syndrome 20 y later in middle-aged men ( 14 ) . However, the differences in fatty acid composition and desaturase activities between abdominal obesity and metabolic syndrome are still unknown. Predictive factors for the development of abdominal obesity from nonobesity and the development of metabolic syndrome from abdominal obesity have not been reported either.
In this study, to examine predictive factors for abdominal obesity and metabolic syndrome, we investigated the association of plasma fatty acid composition, estimated desaturase activity, and dietary nutrient intakes with abdominal obesity and metabolic syndrome in Japanese males.
SUBJECTS AND METHODS
Subjects . This study was conducted on people who underwent a health check-up at Nara Health Promotion Center. Of 187 males invited to participate, 119 provided informed consent. Participants receiving treatment for diabetes, hypertension and dyslipidemia were excluded. Finally, data from 94 participants were analyzed. Subjects were classified into 3 groups: metabolic syndrome (MS), abdominal obesity (OB) and control. According to the definition of the Japanese Committee for the Diagnostic Criteria of Metabolic Syndrome ( 17 ), MS was defined based on abdominal obesity (waist circumference м 85 cm) plus 2 or more of the following 3 criteria: dyslipidemia (triglyceride м 150 mg/dL and/ or high density lipoprotein-cholesterol (HDL-c) Ͻ 40 mg/dL), elevated blood pressure (systolic blood pressure м 130 mmHg, and/or diastolic blood pressure м 85 mmHg), and impaired glucose tolerance (fasting glucose м 110 mg/dL). OB was defined by the presence of abdominal obesity plus one or none of the 3 criteria. The control group had no abdominal obesity, dyslipidemia, diabetes or elevated blood pressure. The number of subjects in the MS, OB, and control groups was 27 (50.4 Ϯ 6.1 y), 43 (51.0 Ϯ 5.6 y) and 24 (49.3 Ϯ 6.6 y), respectively. This study was designed in accordance with the principles of the Declaration of Helsinki of the World Medical Association and was approved by the Ethics Committee of Nara Health Promotion Center and Nara Women's University.
Clinical data . Body mass index (BMI) was calculated as body weight (kg) divided by squared body height (m). Waist circumference was measured at the level of the umbilicus in the standing position.
All serum and plasma samples were obtained in the fasting state. Routine clinical parameters such as systolic blood pressure, diastolic blood pressure, serum total cholesterol, serum TG, low-density lipoprotein (LDL)-cholesterol, HDL-cholesterol, fasting blood glucose, fasting insulin and HbA1c were measured. The insulin resistance index was calculated using homeostasis model assessment (HOMA-IR) ( 18 ) . The serum concentrations of adiponectin and leptin were determined by ELISA (Otsuka Pharmaceutical Co., Ltd., Tokyo, Japan).
Fatty acid analysis . Plasma was separated by the centrifugation of fasting blood samples containing EDTA-2Na at 1,600 ϫ g for 15 min at 4˚C and stored at Ϫ 80˚C. Total lipid was extracted from plasma by the method of Bligh and Dyer ( 19 ) . CEs were separated by thin-layer chromatography using silica gel plates (Silica Gel 60; Merck, Darmstadt, Germany) with a solvent system of petroleum ether : ethylether : acetic acid (80 : 20 : 1, v/v/v). The spot corresponding to CEs was scraped from the plate and transmethylated with 2 mL of acetyl chloride : methanol (5 : 50, v/v) at 90˚C for 2 h. Heptadecanoic acid (17:0) was used as an internal standard. Fatty-acid methyl esters were analyzed by gas-liquid chromatography (Model GC-2014; Shimadzu, Kyoto, Japan) equipped with a 25 m ϫ 0.5 mm capillary column (HR-SS-10, Shinwa Chemical Industries Ltd., Kyoto, Japan) as described ( 20 ) .
Estimation of desaturase activity and lipogenic index . The estimated desaturase activity was calculated by the ratio of the fatty acids in plasma CEs as follows. D9-16D activity ϭ [16:1 n-7/16:0], D9-18D activity ϭ [18:1 n-9/ 18:0], D6D activity ϭ [18:3 n-6/18:2 n-6] and D5D activity ϭ [20:4 n-6/20:3 n-6]. The ratio of palmitic acid (16:0) to linoleic acid (18:2 n-6) in plasma CEs was used as a de novo lipogenic index ( 21 ) .
Estimation of energy and nutrient intakes . Energy and nutrient intakes were assessed by using the food-frequency questionnaire (FFQ) designed to estimate food items in 29 food groups as described ( 22 ) . In the FFQ, subjects were questioned on how often they consumed individual food groups during breakfast, lunch and dinner, as well as representative portion sizes (small, medium, and large). "Small" is half of "medium," and "large" is one and a half times the size of "medium." Daily nutrient intake was calculated by multiplying the frequency of consumption of each food by the nutrient content of the portion size and summing the products for all foods items in the FFQ. Daily intakes of nutrients were calculated with the use of the Fifth Revised and Enlarged Edition of the Standard Tables of Food Composition in Japan ( 23 ) . The dietary intake of fatty acid was calculated according to a previous study ( 24 ) .
Statistical analysis . Data are given as the mean Ϯ standard deviation (SD). Statistical analyses were done using SPSS v. 16 .0 (SPSS Inc., Chicago, IL, USA). The normal distribution of variables was examined with Shapiro-Wilk's test, and non-normally distributed variables were log transformed. The group differences were tested for significance using a repeated measures oneway ANOVA followed by Tukey's test, or the non-parametric Kruskal-Wallis test followed by the Mann-Whitney's U test adjusted with the Bonfferoni test. Logistic regression analyses were carried out to estimate the risks of abdominal obesity and metabolic syndrome, and a standardized (SD ϭ 1.0) odds ratio (OR) was calculated. Correlation coefficients were determined by single or multiple linear regression analyses. p Ͻ 0.05 was considered to indicate statistical significance.
RESULTS

Subject characteristics
Clinical characteristics and serum adipocytokine levels are presented in Table 1 . BMI, waist circumference, triacylgycerol, fasting blood glucose, fasting blood insulin, HbA1c, HOMA-IR, and leptin were significantly higher, and HDL-cholesterol was lower, in the OB group than the control group. In addition to these differences observed in the OB group, the MS group had higher levels of triacylglycerol, fasting blood glucose, and HbA1c than the OB group. Systolic blood pressure and diastolic blood pressure were significantly higher in the MS group than the control and OB groups.
Fatty acid composition of plasma CEs
The fatty acid composition of plasma CEs is given in Table 2 . In the OB group, there was no significant difference in fatty acid composition compared with the con- trol group. The levels of palmitoleic (16:1n-7), oleic (18:1n-9) and ␥-linolenic (18:3n-6) acids were higher, and the level of linoleic acid (18:2n-6) was lower in the MS group than the control group. Estimated levels of desaturase activity are also presented in Table 2 . Higher levels of D6D activity and lower levels of D5D activity were observed in the OB group. In addition to these differences observed in the OB group, levels of D9-16D activity were also significantly higher in the MS group than the control or OB group. The lipogenic index was significantly higher in the MS group than the control group.
Estimation of energy and nutrient intakes
The energy, macronutrient and fatty acids ingested by the subjects are listed in Table 3 . No significant difference was observed in these intakes across the control, OB and MS groups.
Effects of desaturase activities on the development of abdominal obesity and metabolic syndrome
To estimate the risks of developing abdominal obesity from non-obesity (control) and of developing metabolic syndrome from abdominal obesity in relation to the desaturases, logistic regression analysis was carried out and the odds ratio (OR) was calculated. As shown in Table 4 , the risk of developing abdominal obesity among non-obese controls increased with a lower level of D5D activity (ORϭ0.39, pϽ0.01). Greater D9-16D activity increased the risk of developing metabolic syndrome from abdominal obesity (ORϭ2.44, pϽ0.01). Thus, for each SD increase in D5D activity, there was a decrease of roughly 60% in the risk of developing abdominal obesity. For D9-16D activity the situation was opposite, with a 2.4-fold increase in the risk of developing metabolic syndrome.
Relationship between D9-16D and D5D activities, clinical characteristics, and energy and nutrient intakes
To investigate the association of D9-16D and D5D activities with clinical characteristics, and energy and nutrient intakes, single and multiple linear regression analyses were performed. As shown in Table 5 , the D5D activity inversely correlated with waist circumference, LDL-cholesterol, blood insulin, HbA1c, HOMA-IR, and leptin level, while it positively correlated with HDL-cholesterol and the intake of n-3 PUFA, eicosapentaenoic acid (EPA), and docosahexsaenoic acid (DHA). The influences of these variables on D5D activity were examined further with a multiple linear regression analysis. The D5D activity could be explained by the leptin level and intake of EPA. On the other hand, the D9-16D activity positively related with waist circumference, the serum triacylglycerol level, and the lipogenic index. The multiple linear regression analysis of these MeanϮSD. No significant difference. IBW, ideal body weight; SFA, saturated fatty acid; MUFA, monounsaturated fatty acid; PUFA, polyunsaturated fatty acid. Table 4 . The effects of the desaturase activities on developing abdominal obesity from control, and metabolic syndrome from abdominal obesity. * pϽ0.05. OR, odds ratio; CI, confidence interval. a Standardised desaturase ratios were used in the analysis.
factors showed that the D9-16D activity could be explained by the serum triacylglycerol level and lipogenic index.
DISCUSSION
The present study demonstrated that the MS group, but not OB group, had higher levels of palmitoleic (16:1n-7), oleic (18:1n-9) and ␥-linolenic (18:3n-6) acids and lower levels of linoleic acid (18:2n-6) in plasma CEs than the control. However, the dietary intake of fatty acids in the MS group did not differ from that in the control or OB group. These results suggest that the differences in plasma fatty acid composition in the MS group probably result from endogenous fatty acid synthesis involving the desaturase.
Higher levels of D6D activity and lower levels of D5D activity were observed in the OB group. The logistic regression analysis showed that the low D5D activity was predictive of abdominal obesity. Warensjö et al. reported that a low level of D5D activity was an early sign of the risk of developing metabolic syndrome, which 20 y later resulted in manifest metabolic syndrome (14) . Metabolic syndrome is preceded by abdominal obesity. The control of D5D activity may prevent metabolic syndrome through the inhibition of abdominal obesity. The multiple linear regression analysis demonstrated that the variance in D5D activity could be explained by the serum leptin level and the intake of EPA. It was reported that n-3 PUFAs, EPA and DHA, have beneficial effects on preventing and/or improving obesity (25) . Nakatani et al. (26) reported that a highfish-oil intake decreased body weight and fat mass. It is well established that increasing the dietary intake of n-3 PUFAs improves several cardiovascular risk factors, such as hypertension, insulin resistance, and blood lipid levels (27) . The intake of n-3 PUFAs was also shown to decrease serum leptin levels in humans (28) . The intakes of n-3 PUFAs such as EPA and DHA promoted the ␤-oxidation of fatty acids with a reduction in triacylglycerol biosynthesis in the liver (29) . These results suggest that a high intake of EPA reduces fat mass and body weight with increasing D5D activity. The intake of EPA would have the beneficial effects on the prevention and improvement of abdominal obesity. The level of D9-16D activity was higher in the MS group than the control and OB groups. The logistic regression analysis showed that the high level of D9-16D activity was predictive of the development of metabolic syndrome from abdominal obesity. In the multiple linear regression analysis, D9-16D activity was related to the serum triacylglycerol level and lipogenic index. Attie et al. (16) and Zhou et al. (30) also reported that D9D activity was correlated with serum triacylglycerol levels in human subjects. Stearoyl-CoA desaturase 1 (alternatively known as D9D) has been shown to be a rate-limiting enzyme for the synthesis of triglycerides by Miyazaki et al. (31) . The intake of SFA or carbohydrates, which elevate the serum triacylglycerol level, has been suggested to elevate the D9D level (32) . However, D9-16D activity was not significantly related to dietary intake of SFA and carbohydrate in this study. Enhanced endogenous lipogenesis would explain the higher levels of triacylglycerol in serum and subsequent D9D activity. In fact, a higher lipogenic index was observed and positively correlated with D9-16D activity in the MS group. Suppression of lipogenesis and a subsequent decrease in the serum level of triacylglycerol may prevent the development of metabolic syndrome from abdominal obesity through the regulation of D9D activity.
In conclusion, our results suggest that estimated D5D and D9-16D activities can be used to predict abdominal obesity and metabolic syndrome. The risk of developing abdominal obesity dropped by 60% for each SD increase in D5D activity, and the risk of developing metabolic syndrome from abdominal obesity increased 2.4 times for each SD increase in D9-16D activity. In the multiple linear regression models, D5D and D9-16D positively correlated with the intake of EPA and lipogenic index, respectively. These suggest that the intake of EPA is beneficial to prevent abdominal obesity and the development of metabolic syndrome.
